Abstract. Full-duplex transmission is a promising technique to enhance the capacity of communication systems. In this paper, we propose and investigate the system performance of an energy harvesting based two-way full-duplex relaying network over a Rician fading environment. Firstly, we analyse and demonstrate the analytical expressions of the achievable throughput, outage probability, optimal time switching factor, and symbol error ratio of the proposed system. In the second step, the effect of various parameters of the system on its performance is presented and investigated. In the final step, the analytical results are also demonstrated by Monte Carlo simulation. The numerical results proved that the analytical results and the simulation results agreed with each other.
INTRODUCTION

*
Relay communication, in which the relay forwards the signal received by a source to a destination, has a huge consideration in research due to its ability to expand the coverage, increase the capacity, and reduce the power consumption [1] [2] [3] [4] . Moreover, relaying the communication network is an effective way to combat the performance degradation caused by fading, shadowing, or path loss and is an efficient way to improve spectrum efficiency and extend coverage. In the first step, the relay node operates in the halfduplex (HD) mode, in which the node transmits and receives signals in the orthogonal frequency or time resources. In order to satisfy the increasing data rate demands, the research in the fifth generation (5G) wireless networks is ongoing, both in academia and industry. In the 5G era, wireless networks should offer up to tens of Gbps data rate to support a variety of emerging services, which stimulates researchers to explore innovative techniques continually, with higher spectrum efficiency.
The concept of the full-duplex (FD) technique, which allows the communication node to transmit and receive signals over the same frequency band at the same time slot, has been proposed and discussed [1] [2] [3] [4] [5] [6] . In comparison with the HD mode, the FD mode can double the spectral efficiency, because it exploits the resources more efficiently. An FD scheme, where the transmission and the reception are at the same time on the same channel, achieves up to double the capacity of an HD scheme. Two-way relaying, where two users exchange information with each other via a single relay or multiple relays, provides improved spectral efficiency compared to conventional one-way relaying by using either superposition coding or physical layer network coding at relays. Furthermore, to satisfy the 5G requirements, relaying schemes with high spectrum efficiency, such as two-way, full-duplex, etc., have recently attracted considerable attention. Relaying and FD schemes are combined to achieve higher data rates [7] [8] [9] [10] .
In [7] , the authors investigate one-way full-duplex (OWFD) relaying and two-way half-duplex (TWHD) relaying to minimize/recover the spectral efficiency loss associated with OWHD relaying, which requires additional resources (e.g. time slots or frequencies) to transmit data. In [8] and [9] , the authors present OWFD relaying with multiple antennas to provide a solution to overcome the spectral efficiency loss in OWHD relaying. In [10] , the authors investigate OWFD relaying with an opportunistic relay selection to enhance the performance of OWHD relaying. Most previous studies are focused on OWFD relaying, and there have been few works on TWFD relaying.
In this paper, the system performance of the energy harvesting based TWFD relaying network over a Rician fading environment is proposed and investigated. Firstly, we analyse and demonstrate the analytical expressions of the achievable throughput, outage probability, optimal time switching factor, and symbol error ratio (SER) of the proposed system. In the second step, the effect of various parameters of the system on its performance is presented and investigated. In the final step, the analytical results are also demonstrated by Monte Carlo simulation. The numerical results demonstrated that the analytical results and the simulation results agreed with each other. The main contributions of the paper are summarized as follows:  The system model of energy harvesting based TWFD relaying network over a Rician fading environment with the time switching protocol is proposed and investigated.  The closed form of the outage probability and throughput of the proposed system is derived.  The influence of the main parameters on the system performance is demonstrated.  The optimal time switching factor and SER are investigated and calculated in connection with the main system parameters. The remainder of this paper is organized as follows. Section 2 presents the system model of the model system. Section 3 proposes and demonstrates the analytical mathematical expressions of the outage probability, throughput, the optimal time switching factor, and the SER of the system. Section 4 provides the numerical results and some discussions. Section 5 concludes the paper. Finally, the appendices present the proofs of the theorems.
SYSTEM MODEL
In this section, an energy harvesting based TWFD relaying network over a Rician fading environment is proposed. Figure 1 illustrates the information transmission and energy transfer between the nodes A and B via the helping relay R. In this system model, both nodes A and B have two antennas, one of which is responsible for signal transmission and the other for signal reception. The line topology is adopted, where the relay node is located on the straight line connecting the two source nodes. Assume that the two source nodes cannot receive signals from each other directly due to the high path loss caused by obstacles [5] [6] [7] . In this model, the following two assumptions are considered:  There is no connection between the source and the destination in the results of elimination transmission information.  The required power of the data decoding process at the relay is negligible in comparison to the signal transmission energy from the relay to the destination. 
Fig. 2. Energy harvesting (EH) and information processing.
Moreover, the energy harvesting and information processing at the relay by the time switching protocol are shown in Fig. 2 , where T is the block time in which the nodes A and B are connected with each other via the helping relay R. In this model, the first interval time αT is used for energy harvesting at the relay R from the nodes A and B. After that, the information transmission process between the nodes A and B via the helping relay R is done in the remaining interval time (1-α)T, α ∈ (0, 1).
SYSTEM PERFORMANCE
In this section, the outage probability, achievable throughput, optimal time switching factor, and SER are investigated.
The total harvested energy of R during energy harvesting time αT is given by (1):
where 0 1    is the energy conversion efficiency, which depends on the rectification process and the energy harvesting circuitry [11] , and A
B
A B P P P   denotes the transmission power of the nodes A and B. The average transmission power of R is computed by (2):
where we denote 1
Due to the FD system, the multiple-access phase (MAP) and the broadcast phase (BCP) can work at the same time. Therefore, the received signal at the relay can be expressed as (3):
Information transmission
Energy harvesting
where ,
A B x x denote the transmission signal from A and B, respectively, RR h is the residual selfinterference channel at R, and R n is the zero-mean additive white Gaussian noise (AWGN) with variance
where E{.} denotes the expectation operation and ,
AR BR
h h are the Rician distribution factors. In the research model, the amplify-and-forward (AF) protocol is used. Hence, the received signal at the relay R is amplified by a factor β, which is given by the following:
Then the received signal at the node A can be expressed as:
where R x is the transmission signal from R, AA h denotes the residual self-interference channel at the node A, and A n is the AWGN with variance N 0 . Combine (3) and (4), then (5) can be rewritten as:
In equation (6) , the first term of the equation (
) can be removed due to the network coding as presented in [12] . By substituting (2) and (4) into (6), with some mathematical manipulation, the received signal to interference noise ratio (SINR) at the node A can be obtained as:
where we denote . 1 1
In the high SINR region, (7) can be approximated as follows:
where we denote , .
In this analysis, please note that for convenience, the residual self-interference at the three nodes is modelled as AWGN with zero mean and variance of , , ,
   which are identical [13] . In addition, please note that if we set 0
 turn into SINR of the HD AF relay system.
For similarity, we can obtain SINR at the node B as:
Outage probability
In this work, we consider the delay limited transmission mode, where the average throughput can be computed from the outage probability. 
where
the modified Bessel function of the second kind and vth order.
Proof. See Appendix A.
Achievable throughput
The achievable throughput at the source nodes A and B can be computed by:
,
where ( , ). j A B 
Symbol error ratio analysis
In this section, the expressions for the SER at the nodes A and B of the proposed system are obtained. Thus, we have SER equations as (12) and (13) below [14] .
is the Gaussian Q-function and  and  are constants specific for the modulation type. Here ( , ) = (1, 1) for binary phase-shift keying (BPSK) and ( , ) = (1, 2) for quadrature phase shift keying (QPSK). As a result, before obtaining the SER performance, the distribution function of j  is expected. Then, we begin rewriting the SER expression given in (12) directly regarding the outage probability at the source by using integration, as follows: 
  
Proof. See Appendix B.
Optimal time-switching factor
The optimal value *  can be obtained by solving the equation
Given the achievable throughput expression in (10) and (11), this optimization problem does not admit a closed-form solution. However, the optimal *  can be efficiently solved via numerical calculation, as illustrated below.
Here we can use the Golden section search algorithm to find the optimal factor * .
 This algorithm has been used in many global optimization problems in communications, for example in [15] . The detailed algorithm, as well as the related theory, is described in [16, 17] .
NUMERICAL RESULTS AND DISCUSSION
In this section, we investigate the system performance (in terms of the throughput, outage probability, optimal time switching factor, and SER) of the energy harvesting based TWFD relaying network over a Rician fading environment by using Monte Carlo simulation [16, 17] . The simulation parameters are listed in Table 1 . The influence of the Rician K-factor K on the outage probability and throughput of the model system is shown in Fig. 3a and 3b , respectively. In this simulation process, the main parameters of the proposed system are set as α = 0.5; P AB /N 0 = 20 dB; Ω = 0, 0.5, 5, 15. Figure 3 demonstrates that the outage probability decreased and the throughput increased crucially while K increased from 0 to 10. Moreover, the analytical results agree well with the Monte Carlo simulation results, validating the theoretical derivations. The influence of residual self-interference Ω on the outage probability and the achievable throughput of the model system is illustrated in Fig. 4a and 4b . Here, α is set at 0.5, 0.1, 0.9 and the ratio P AB /N 0 at 20 dB. From the simulation, it is clear that the achievable throughput increases and the outage probability decreases significantly while Ω increases from 0 to 15. In these cases, the figures reveal that the simulation results match tightly with analytical expressions in Section 3.
Moreover, Fig. 5a and 5b present the effect of the ratio P AB /N 0 on the outage probability and the achievable throughput with Ω = 0, 0.5, 5, 15 and α = 0.5 for the proposed system. The results show that the achievable throughput increased and the outage probability decreased significantly when the ratio P AB /N 0 increased from 0 to 30 dB. In Fig. 5 , all the analytical and simulation results agreed well with each other. The influence of the source rate R on the outage probability and the achievable throughput of the system model with P AB /N 0 = 20 dB and Ω = 0, 0.5, 5, 15 is illustrated in Fig. 6a and 6b , respectively. Figure 6a shows that the outage probability increased crucially with increasing the rate R. However, the system throughput only increased in the interval of R from 0 to the optimal value around 2. After that, it significantly fell to 0 at the rate around 4. In particular, the simulation lines wholly match with the analytical lines in all the above figures.
Finally, the optimal time switching factor versus the ratio P AB /N 0 is illustrated in Fig. 7 . Figure 8 shows the SER of the proposed system versus P AB /N 0 . In these figures, the simulation results match tightly with the analytical results in Section 3. 
CONCLUSIONS
In this paper, the system performance of the energy harvesting based two-way full-duplex relaying network over a Rician fading environment is proposed and investigated. In order to analyse the system performance at the destination node, analytical expressions for the outage probability, throughput, optimal time switching factor, and system error ratio are proposed and investigated. The research results show that the analytical mathematical expression and the simulation results using the Monte Carlo method totally matched each other. Moreover, this paper provides practical insights into the effect of various system parameters on the system performance. The results could provide a prospective solution for the communication network via a helping relay.
APPENDIX A PROOF OF THEOREM 1
At first, we need to determine the probability density function (PDF) and the cumulative density function (CDF) of a random variable (RV) i  whose   1, 2 i  . In [18] the PDF of the RV can be formulated by the following formula: By combining (19) with (16) and (17), we have: 
